Purpose To determine the accuracy of biochemical tests for the diagnosis of pheochromocytoma and paraganglioma. Methods A search of the PubMed database was conducted for English-language articles published between October 1958 and December 2016 on the biochemical diagnosis of pheochromocytoma and paraganglioma using immunoassay methods or high-performance liquid chromatography with coulometric/electrochemical or tandem mass spectrometric detection for measurement of fractionated metanephrines in 24-h urine collections or plasma-free metanephrines obtained under seated or supine blood sampling conditions. Results Application of the Standards for Reporting of Diagnostic Studies Accuracy Group criteria yielded 23 suitable articles. Summary receiver operating characteristic analysis revealed sensitivities/specificities of 94/93% and 91/93% for measurement of plasma-free metanephrines and urinary fractionated metanephrines using high-performance liquid chromatography or immunoassay methods, respectively. Partial areas under the curve were 0.947 vs. 0.911. Irrespective of the analytical method, sensitivity was significantly higher for supine compared with seated sampling, 95 vs. 89% (p < 0.02), while specificity was significantly higher for supine sampling compared with 24-h urine, 95 vs. 90% (p < 0.03). Partial areas under the curve were 0.942, 0.913, and 0.932 for supine sampling, seated sampling, and urine. Test accuracy increased linearly from 90 to 93% for 24-h urine at prevalence rates of 0.0-1.0, decreased linearly from 94 to 89% for seated sampling and was constant at 95% for supine conditions. Conclusions Current tests for the biochemical diagnosis of pheochromocytoma and paraganglioma show excellent diagnostic accuracy. Supine sampling conditions and measurement of plasma-free metanephrines using highperformance liquid chromatography with coulometric/electrochemical or tandem mass spectrometric detection provides the highest accuracy at all prevalence rates.
Introduction
Pheochromocytoma (P) and paragangliomas (PGL) are rare neuroendocrine tumors arising from chromaffin cells, respectively, of the adrenal medulla or associated with sympathetic ganglia. These tumors are characterized by an excessive production of catecholamines. They are one of a few curable causes of hypertension, but can also mimic numerous other diseases and remain unrecognized over prolonged periods of time [1] . Also, sudden bursts of catecholamine release may have devastating clinical consequences [2] . Thus, precise and sensitive diagnostic tests are of paramount importance for the reliable diagnosis of P/ PGL.
It is now commonly agreed that measurements of plasmafree metanephrines (pMNs) [3, 4] or urinary fractionated metanephrines (uMNs) [5, 6] provide the best available biochemical tests for diagnosis of P/PGL, where pMNs are defined as the unconjugated 3-O-methylated primary degradation products metanephrine (MN) and normetanephrine (NMN) of the catecholamines adrenaline and noradrenaline, and uMNs reflecting the sum of the respective 3-O-methylated-free and sulfate-conjugated metabolites [7] . Simultaneous measurement of the 3-O-methylated metabolite of dopamine, methoxytyramine (MTY), has been advocated in particular for the diagnosis of P/PGL due to an underlying mutation of the succinate dehydrogenase B gene which is associated with an increased rate of metastatic disease [8] . However, the added value of MTY for identifying P/PGL in an unselected screening population is less clear [9, 10] , and in fact the vast majority of studies on the diagnostic efficiency of pMNs or uMNs have not included MTY, apart from a few exceptions [9] [10] [11] .
Likewise, much of the discussion in the past has revolved around the optimal assay method for quantification of pMNs and uMNs. Meanwhile considerable evidence has accumulated in support of the superiority of high-performance liquid chromatography (HPLC) coupled with coulometric/electrochemical (AC/EC) or tandem mass spectrometric (MS/MS) detection over immunoassay (IA) techniques (RIA, EIA, ELISA) that appear to underestimate particularly pMNs [12, 13] . On the other hand, the precision of HPLC methods in particular if coupled with MS/MS detection obviously has its price. Capital costs of instrumentation, a high level of operator expertise, and the need for in-house validation are in stark contrast with the technical, personnel, and financial requirements of IA methods [14] . Against this background the currently recommended best-practice procedure for the biochemical diagnosis of P/PGL, i.e., blood sampling in resting-supine position after an overnight fast when MTY is included [15] and measurement of pMNs using HPLC with AC/EC or MS/MS detection, may not always be followed as suggested [6, 16] . In this case, however, interpretation of test results need to take into account potential losses in diagnostic certainty associated with the respective assay method and sampling procedure being used and an increased necessity for confirmatory testing.
The present systematic review was performed to examine in detail the diagnostic accuracy of measurements of pMNs and uMNs by HPLC or IA techniques and the impact of blood sampling conditions. As a result a simple decision guide is provided for selecting the most suitable test procedure for the biochemical diagnosis of P/PGL depending on the anticipated risk of disease.
Methods
Data sources, study selection, and conceptual design For the present investigation the PubMed database was searched for all English-language articles on the diagnostic accuracy of measurement of pMNs and uMNs in the biochemical diagnosis of P/PGL published between October 1958 and December 2016 with an emphasis on articles predominantly of the last three decades reporting the use of highly sensitive IA systems or HPLC coupled with AC/EC or MS/MS detection. Search terms were "Metanephrine" [MAJR] and "Humans"[MeSH Terms]. Additionally, the reference lists of pertinent articles including a single 2004 systematic review on the diagnostic performance of measurement of pMNs [17] were evaluated by a hand search. Titles and abstracts of the articles identified were scrutinized by two independent raters. Publications not in English language, letters, editorials, comments, review articles, and single case reports were not considered. Of the full-text publications studies on differing topics, studies with biased trial population or systematic limitations, and methodology studies were excluded. In one case of consecutive publishing from the same research group with apparently overlapping study populations and broadly convergent results only the most recent study describing the largest number of test subjects was included. The conceptual design of the investigation followed the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-analyses statements [18] .
Quality of methodology and reporting of included studies
To assess the quality of methodology and reporting of the studies deemed appropriate for inclusion in the present systematic review by both raters, the criteria developed by the Standards for Reporting of Diagnostic Studies Accuracy (STARD) Group were applied [19, 20] , and the degree of consensus reached between the two raters on the 25-items STARD checklist was determined by assigning one vote per applicable item (n = 21) to each rater.
Statistical analysis
"R" version 3.3.2 (The R Foundation for Statistical Computing, Vienna, Austria) and the "mada" package were used to construct summary receiver operating characteristic (sROC) curves from sensitivity (SE) and specificity (SP) values derived from individual studies as described by Reitsma et al. [21] . To avoid zero frequencies in calculations a continuity correction of 0.5 was applied to all observed frequencies. SPs and SEs were compared by fitting a bivariate meta-regression on SE and false positive rate (FPR) with fixed effects for each of the factors analytical method (i.e., IA or HPLC) and sample/sampling condition (i.e., blood obtained in a supine or seated position or 24-h urine collections). For transformation to the logit link respective parameters were set at 0.5 and 1.5 for continuity corrected SEs and FPRs based on Akaike information criterion. Significance of factors was assessed using the likelihood ratio test and subsequent post hoc pairwise comparison with Wald test, if applicable. Accuracy was defined as the sum of the true positive and true negative test results divided by the total population of a selected study. Test accuracy as a function of pretest likelihood (i.e., variable disease prevalence levels between 0.0 and 1.0) was calculated for supine and seated plasma sampling and 24-h urine collection according to the following equation: ACC = SE × PRE + SP × (1−PRE), where ACC denotes accuracy, SE sensitivity, SP specificity, and PRE disease prevalence. Cohen's Kappa (κ-value) was determined as a measure of inter-rater agreement.
Results
Study selection and quality assessment according to the STARD criteria Search of the PubMed database and manual evaluation of the reference lists of relevant articles yielded a total of 284 results. Exclusion of studies on methodology (n = 79), studies dealing with different topics (n = 83), studies with biased trial population (n = 19), studies not in English language (n = 15), studies with systematic limitations (n = 13), letters to the editor (n = 24), case reports (n = 11), review articles (n = 10), editorials (n = 6), and comments (n = 1) resulted in 23 full-text studies for further consideration ( Fig. 1) . Assessment of the quality of methodology and reporting of these studies showed a median score for compliance with 21 applicable criteria of the STARD checklist of 33.0 (range 22.0-37.0). The median κ-value for inter-rater consent was 0.828 (range 0.525-0.920).
Characteristics of included studies
The diagnostic performance of measurements of pMNs and uMNs in the detection of P/PGL, the respective assay methods, plasma sampling conditions, total numbers of subjects, and numbers of patients and controls from the 23 included studies in chronological order according to year of publication are summarized in Table 1 . The number of trial subjects of all studies totaled 8173, including 1039 patients with P/PGL and 7134 controls. P/PGL was ruled out in 6852 of the latter by one or more of the following criteria: (a) a negative biochemistry, (b) a negative imaging, (c) a negative pathology or histological proof of a different tumor entity, (d) a negative result on clonidine suppression, (e) a negative follow up, (f) spontaneous remission of initial symptoms, or (g) assignment to a different clinical diagnosis. Four studies reported the inclusion of normal volunteers (n = 58), patients with (treated or untreated) essential hypertension (n = 209), and intensive care patients (n = 15) in their control groups [22] [23] [24] [25] . The median number of subjects per study was 184 (range 31-1819). IA techniques for measurements of pMNs and/or uMNs were used in 11 studies (1530 controls; 350 patients) and HPLC with AC/EC or MS/MS detection in 15 (6019 controls; 794 patients). Blood samples were taken with the subjects in a supine position in 10 studies (3360 controls; 588 patients) and in a seated position also in 10 (1364 controls; 285 patients). Measurements of uMNs was carried out in Fig. 1 Schematic representation of the study selection process. *e.g., physiology; neurology; psychiatry; obstetrics; surgery; periodontology; forensic medicine; diagnostic radiology; confounding variables; differential diagnosis; tumor type, size, recurrence, and follow-up; analytes; sampling periods; repeated and dynamic testing; metabolism; economic considerations. **e.g., lack of control group; healthy volunteers; patients with Head & Neck or hereditary P/PGL; unilaterally or bilaterally adrenalectomized patients; children 
Data synthesis
The sROC curves for IA and HPLC analysis techniques
The diagnostic performance of measurements of pMNs and uMNs in 24-h urine collections from studies using either IA techniques or HPLC was evaluated by sROC analysis (Fig. 2) . The respective point estimators of SEs and SPs from the resultant sROC curves were 91% (CI 87-94%) and 93% (CI 89-96%) for IA compared with 94% (CI 91-96%) and 93% (CI 90-95%) for HPLC. These differences were statistically not significant. Values of the area under the curve (AUC) restricted to observed FPRs and normalized were 0.911 for IA and 0.947 for HPLC.
The sROC curves for blood sampling in the supine and seated position and for 24-h urine collections sROC curves were derived from measurements of uMNs in 24-h urine collections and pMNs in blood samples obtained in the supine and the seated position (Fig. 3) . The point estimators of SEs were significantly different for studies complying with the supine position compared with seated blood sampling conditions (95%, CI 92-97 vs. 89%, CI 84-93%; p < 0.02), but not for studies using 24-h urine collections (93%, CI 88-95%). In contrast, the point estimators of SPs were significantly different for supine sampling conditions compared with 24-h urine collections (95%, CI 92-97 vs. 90%, CI 84-93%; p < 0.03), but not for the seated sampling position (94%, CI 90-96%). There was no interaction effect between sample/sampling condition, i.e., blood obtained in a supine or seated position or 24-h urine collections, and analytical method, i.e., IA or HPLC, with only a marginal and statistically not significant increase in likelihood. Values of the partial AUC were 0.942, 0.913, and 0.932 for blood sampling in the supine and the seated position, and for 24-h urine collections, respectively.
Additional analysis

Relation between test accuracy and disease prevalence
To determine the relationship between test accuracy and disease prevalence according to sample specimen and collecting conditions, the equation presented in "Methods" (see "Statistical analysis") was applied using prevalence levels between 0.0 and 1.0 and the individual point estimators of each of the three respective SE/SP pairs for 24-h urine collections and the supine and seated blood sampling positions. With this approach a steady linear increase in test accuracy from 90 to 93% could be demonstrated for measurements in urine and a steady linear decrease from 94 to 89% for seated blood sampling conditions. In contrast, test accuracy was constant at 95% over the entire range of prevalence levels for the supine sampling position (Fig. 4) . 
Discussion
In this meta-analysis we systematically reviewed currently recommended biochemical tests for their discriminative properties and predictive abilities in the diagnosis of P/PGL. As the main result, we found excellent overall diagnostic performance but also distinct differences among the various tests that should be known to users according to clinical application. First of all, although SEs and SPs for measurements of pMNs and uMNs derived from sROC curves of the studies using either IA or HPLC analysis techniques were not significantly different, calculation of the respective partial AUCs revealed a notably lower value for IA methods. Similarly, SEs for measurements of pMNs in blood samples obtained in the supine position and of uMNs in 24-h urine collections as well as SPs for the supine and seated sampling positions were not different. However, SE was significantly higher for the supine sampling position compared with seated conditions, and SP was significantly higher for supine sampling conditions compared with 24-h urine collections. Also, the values of the partial AUCs were clearly different, highest for blood sampling in the supine position, intermediate for measurements in 24-h urine, and lowest for blood sampling under seated conditions. Finally, test accuracy, that is the ratio of correct assessments to all assessments, again was highest for supine blood sampling conditions, and, additionally, independent of prevalence levels. In contrast, test accuracy was intermediate and inversely dependent on prevalence levels for the seated sampling position, and it was lowest but directly dependent on prevalence levels for measurements in 24-h urine collections with the two linear plots intersecting at a prevalence level of 50%. Thus, applying three different measures of diagnostic accuracy [26] , including one that addressed the issue of prevalence, results either tended to favor or showed a significantly better discriminative potential of HPLC techniques plus blood sampling in the supine position over IA methods, seated blood sampling conditions or measurements in 24-h urine collections, thereby supporting its use as first-line diagnostic test procedure for the biochemical diagnosis of P/PGL [6] .
There are, however, also plausible arguments against this strategy. P/PGL occur with an extremely low annual incidence rate of less than 10 cases per million population [27, 28] , and the symptomatology of these tumors is protean and often non-specific [2] . Hypertension is still the most frequent clinical sign encountered in up to 90% of patients [29] , whereas the prevalence of P/PGL among adult hypertensive subjects amounts to only 0.2-0.6% [30] [31] [32] [33] . On the other hand, P/PGL may lead to potentially lifethreatening cardiovascular and serious other organ complications [34] calling for a timely diagnosis and a low threshold level of clinical suspicion. Consequently, biochemical testing will most probably be carried out in many instances when chances are in fact scant that P/PGL will be detected. However, our results show that the superior diagnostic accuracy of HPLC plus blood sampling in the supine position does not translate into a relevant gain in diagnostic certainty under these conditions. Indeed, we found that, regardless of the test method used, a negative test result will in all probability correctly predict the absence of P/PGL even assuming prevalence levels of up to ten-fold higher than normally encountered in a hypertensive population [35] [36] [37] , while conversely the rate of false positive results will be unacceptably high with any one of the tests, and, hence, invariably require confirmatory testing, depending on the extent of elevation (Table 2) .
Still another aspect deserves attention. If in fact the vast majority of patients with hypertension initially tested for the presence of P/PGL will correctly be tested negative with any one of the tests currently in use, then considerations such as local preferences, feasibility, and economic efficiency come into play [38] . This holds particularly true for the situation when the anticipated test volume will be too small to counterbalance the substantial capital expenditures for installation and operation of HPLC as opposed to IA methods [14] . Our results indicate that in this case commitment to the principles of cost containment does not contradict the general rule that use of a diagnostic procedure should be encouraged if it provides more accurate information and is virtually risk free [39] .
Obviously, however, results of between-test comparisons obtained in an average low-risk adult hypertensive population cannot simply be extrapolated to the situation in a specialized hypertension/endocrinology referral center. Our analysis highlights the fact that in this setting use of for instance IA plus measurement of uMNs in 24-h urine collections as the initial diagnostic test procedure will yield a markedly higher rate of false positive results compared with blood sampling in the supine position plus measurement of pMNs with HPLC, and, even more important, the rate of false positive tests will remain considerably higher during any subsequent testing. Whether or not functional tests such as clonidine suppression [40, 41] will aid in confirming the diagnosis under these circumstances is unknown. Therefore, proponents of the primary use of IA plus measurement of uMNs in 24-h urine collections for the biochemical diagnosis of P/PGL need to be aware of this potential trade-off and its continued impact on the further diagnostic process. Our analysis has strengths and limitations. Key strengths are the number and quality of the included studies and the balanced distribution of the different test procedures between these studies. Important limitations are that only two studies used age-adjusted diagnostic cutoff levels for pMNs [10, 11] , only two studies reported on the measurement of urinary creatinine for verification of the completeness of 24-h urine collections [42, 43] , and only three studies examined the effect of the additional measurement of MTY on test performance [9] [10] [11] . Results of the present analysis accordingly allow no conclusions with respect to the diagnostic benefit of these measures. Nevertheless adoption of age adjustment, measurement of MTY, and determination of urinary creatinine, when measuring uMNs, is recommended by the most recent Endocrine Society Clinical Practice Guideline [6] , which it is hoped will help to expedite clarification of these unresolved issues. Similarly, only one study measured uMNs by "gold standard" tandem mass spectrometry [6, 44] , and only one study directly compared measurements of pMNs and uMNs using HPLC with MS/MS detection [10] , possibly giving rise to an underestimation of the diagnostic performance of uMNs. Another limitation of our analysis concerns the introduction of a continuity correction factor to avoid zero values in the calculation of frequencies. However, this factor was applied to all observed frequencies. Hence, we are confident that any undue effect on our results through the use of this factor can be excluded. Finally, even though the existing evidence for currently reported prevalence rates of P/PGL in the general adult hypertensive population is inconsistent [30] [31] [32] [33] , we did apply these values, since, if at all, they would obviously represent upper possible limits and therefore not have influenced the overall conclusions of our analysis.
In summary, there is no perfectly precise test for the biochemical diagnosis of P/PGL. The decision about which test to use should therefore be guided primarily by the intentions and expectations of the user. Thus, if exclusion of P/PGL is the overriding goal, for instance IA measurement of uMNs may still be a reasonable choice. If, on the other hand, biochemical proof of P/PGL is the objective, it is highly recommended to immediately proceed with measurement of pMNs in blood samples obtained in the supine position using HPLC with EC or MS/MS detection. Alternatively, these patients should be referred to a suitably equipped center if the latter assay method cannot be provided.
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